The process by which species evolve can be illuminated by investigating barriers that limit gene 27 flow between taxa. Recent radiations, such as Heliconius butterflies, offer the opportunity to 28 compare isolation between pairs of taxa at different stages of ecological, geographic and 29 phylogenetic divergence. We carry out a comparative analysis of existing and novel data in 30 order to quantify the strength and direction of isolating barriers within a well-studied clade of 31
Introduction

43
Studies of speciation have long contrasted allopatric and sympatric speciation, speciation 44 through sexual versus natural selection, and ecological versus non-ecological speciation. 45 However, these contrasts do not always reflect the diversity of processes involved in divergence 46 and the challenge is to reach an integrated understanding of speciation [1] [2] [3] [4] . Species divergence 47 involves multiple different traits and processes that can lead to reproductive isolation [5] . These 48 include adaptation to local environmental conditions, pre-mating isolation as well as post-49 mating effects that reduce the fitness of hybrids. To untangle the evolutionary processes at play, 50
it is useful to quantify the relative importance of the factors reducing gene flow between 51 diverging populations [6] . 52 53
Speciation is a continuous process and we can typically only observe the results of divergence 54 at a specific stage, not the process in its entirety. For instance, incompatibilities between extant 55 species may not reveal the ecological and evolutionary forces initially causing phenotypic 56 divergence [7] . Conversely, ecotypes or subspecies at early divergence may shed light on 57 factors favouring early divergence but speciation is not a necessary outcome [8, 9] and the 58 challenge of speciation with gene flow might not be its initiation but its progression and 59 completion [10] . In that context, a useful way to study speciation as a continuous process is to 60 compare multiple pairs of incipient or closely-related species which vary in their extent of 61 divergence, possibly depicting stages along the so-called speciation continuum [9, [11] [12] [13] [14] . 62 63
With a large diversity of recently diverged species and sub-species, the radiation of Heliconius 64 butterflies is an excellent system for studying speciation [15] . Within Heliconius, the two sister 65 clades, melpomene clade and cydno clade each contains a large number of local representatives 66 across the Neotropics (Fig 1) . They provide replicate pairs of sister-taxa distributed along the 67 speciation continuum, notably spanning the "grey zone of speciation" [14] , providing an 68 opportunity to assess the factor shaping reproductive isolation along the speciation process. 69 70 H. melpomene is considered a single taxonomic species but comprises populations with 71 significant genetic differentiation between western and eastern populations on either side of the 72
Andes [16, 17] for reproductive isolation between these species pairs with similar wing patterns (co-mimics), 115 but this will be important in understanding the role of mimicry shifts in reproductive isolation. 116
Indeed, wing-pattern similarity may be predicted to favour hybrid matings as well as increase 117 the survival of hybrid adults, and so may weaken both pre-mating and post-mating isolation 118 between taxa. 119 120
In this study, we investigate the mechanisms involved in the build-up of reproductive isolation 121 by means of a large-scale, comparative analysis on this clade of Heliconius butterflies. We 122 combine new data with data collected from the existing Heliconius literature. The numerous 123 studies of Heliconius taxon-pairs at various levels of divergence and in various geographic 124 contexts allow us to evaluate the relative importance of different isolating barriers and their 125 appearance at various stages of divergence. We have applied a unified framework for the 126 quantification of isolating barriers that facilitates these comparisons [6] . By contrasting co-127 mimetic vs. non-mimetic pairs of species, we also specifically address the importance of wing-128 pattern as a 'magic trait' for reproductive isolation in Heliconius. 129 
Material and methods
138
Species studied 139 We considered published data from all representatives of the cydno clade, H. cydno, H. 140 pachinus, H. timareta, H. heurippa and from the two H. melpomene lineages ( Fig. 1 ; see all the 141 references in Table S1 for each pair). New data is provided for the pair of co-mimics H. The strength of RI provided by each pre-mating barrier is estimated with the expression: 153
where H1 is the frequency of heterospecific mating and C1 the frequency of conspecific mating 155
(when barrier 1 is the only barrier acting). 156
This is equivalent to: 157
The strength of RI associated with each post-mating barrier is evaluated with the same 160 expression where H is the fitness of hybrids and C the fitness of pure individuals. RI was 161 calculated separately for both directions of crosses (AxB and BxA; female given first). We 162 summarize hereafter how each barrier was investigated. Detailed methods and calculations are 163
given in supplementary material and Table S1 . 164 165 166 Since some species ranges are poorly known, the geographic overlap was not evaluated 167 quantitatively. Instead, we provided a qualitative estimate of the level of parapatry, based on 168 the literature [52] in Table S1 and Fig. 1 . 169 170
Spatial isolation (at small and large scale)
Although taxa may overlap in range at a broad geographic scale, this does not necessarily entail 171 equal encounter rates, for instance if relative frequencies differ between microhabitats. For four 172 pairs of species collected in several locations equally distributed along the transition zone ( Fig.  173 S1), we use raw collection data (assuming equal collecting efforts on both species) as a proxy 174 for natural encounter rates, and draw an estimate of the expected number of heterospecific vs 175 conspecific matings which we use to calculate reproductive isolation due to spatial distribution, 176
RIspatial. 177
Behavioural pre-mating isolating barriers 178
Heliconius males usually patrol the habitat, approach females and perform courtship 179 characterized by sustained hovering and intense wing flapping over the female. Females can 180 accept or reject mating [53] . Most studies have investigated male attraction by visual cues (on 181 models), male preference towards live females, and realised mating. Those three facets of mate 182 choice were analysed separately to dissect their respective contribution to sexual isolation. 183
Realised mating, which reflect the multiple aspects of mate choice by both sexes leading to a 184 mating event, was used for the whole comparison between barriers. 185
Model experiments: male attraction on visual cues 186
In all studies, male preference for different visual cues has been estimated by presenting a male 187 or a group of males with a model made with dead female wings dissected and by recording 188 courtship towards each model. 189
Experiments with live females (LF exp): male preference behaviour based on all cues 190
In all studies, individually-marked males were monitored for courtship during a short time 191
interval when presented with a heterospecific and a conspecific freshly emerged, virgin female. 192
Mating experiments: full male-female interaction (M+F) 193
To investigate mating achievement, most studies have simulated a natural situation, either with 194 a no-choice experiment in which a virgin female (conspecific or hetero-specific) is presented 195 to a one male or a group of ten mature males for 48h, or with a tetrad experiment, where four 196 individuals, one male and one female of each species, were kept until the first mating occurred. 197
Post-mating isolating barriers 198
Hatch rate and hybrid sterility 199
In all studies, mated females of crosses and pure females were kept in individual cages with 200 various fresh shoots of several Passiflora species. Eggs were collected on a regular schedule, 201 stored individually in small plastic cups, identified and checked daily for hatching. For each 202 female, fertility was defined as the hatch rate, the percentage of egg hatched over the total 203 number of eggs laid. 204
Hybrid larval fitness 205
Hybrid survival was recorded only for four pairs (Table S1 ). In all cases, larvae were raised in 206 individual plastic containers for the first instar. Then, they were gathered by family group in a 207 larger box and fed ad libitum on young shoot of Passiflora sp. Survival rate was calculated for 208 each family as the proportion of larvae growing until imago. 209
Hybrid adult fitness 210
Survival in the wild was tested experimentally only in Panama with paper models of H. m. Hybrid ability of mating has been investigated with no-choice experiment or live-virgin female 214 experiment in six pairs (Table S1 ). For Costa Rican H. cydno x H. pachinus hybrids, mating 215 success is estimated from experiments with F1 wing models. 216
Pre-mating spatial isolation 218
The highly-divergent species pairs considered here are either sympatric or parapatric but 219 overlap on a large portion of their range. For four of those, local distribution was finely 220 quantified in the area of overlap ( Fig. S1 ). As the probability of encounters between species 221 depends on coexistence within microhabitats, we found that micro-spatial distribution 222 contributes significantly to RI in both mimetic and non-mimetic pairs (RIspatial=0.7-0.8, Fig. 2 Table 1 237 238 Behavioural pre-mating isolating barriers (Fig.3 At high divergence, in non-mimetic as well as co-mimetic pairs, mate discrimination against F1 360 hybrids appears as an additional isolating barrier although its strength is highly variable and 361 asymmetric, depending on which parental partner is tested (RIF1 success=0-0.87, Table 1 , Table  362 S3-4, S6-7 Quantifying reproductive isolation throughout a speciose clade of Heliconius butterflies shows 395 that different levels of genetic divergence correspond to marked quantitative and qualitative 396 differences in reproductive isolation. Higher divergence is associated with both the 397 accumulation of additional barriers and the strengthening of a common set of barriers, although 398 some axes of differentiation are quite labile depending on the ecological context. 399 400
H. c. cordula(CC) H. m. melpomene (MC)
The diversity of taxa at different levels of divergence and strengths of RI has been characterised 401 as a 'speciation continuum'. This does not necessarily imply that these actually represent 402 sequential stages in speciation, nor that any particular example is on an inevitable path towards 403 complete speciation. For example, different stages might be at equilibrium between divergence 404
and gene flow or correspond to qualitatively different pathways to differentiation. Nevertheless, 405
the 'speciation continuum' is useful and perhaps analogous to the manner in which those 406 studying the evolution of complex structures, such as the eye or the flagellum, infer past 407 evolutionary trajectories from the comparative study of apparently intermediate structures in 408 extant animals. Such examples provide support for the plausibility of a particular route towards 409 a complex structure, or in the present case a route towards complete speciation, but do not prove 410 that any particular evolutionary route has been taken in nature. Our analysis therefore allows 411 assessment of the roles that different factors might take in shaping divergence, while accepting 412 that the current array of divergence states does not necessarily represent successive stages along 413 a unique path to speciation. 414 415
Is reproductive isolation driven by a single trait or multidimensional factors? 416
Isolation in the face of gene flow requires that certain factors counter the effects of 417 recombination between alleles that characterise diverging taxa (or may allow its purge following secondary contact), therefore limiting the evolution of female 550 sterility. Such hypothesis would question the stability of this intrinsic barrier, traditionally 551 assumed to be irreversible. 552
Conclusion
553
In summary, we have quantified most of the known components of reproductive isolation across 554 a recent adaptive radiation. Contrasting pairs of hybridizing taxa showing different levels of 555 divergence suggests that speciation involves the strengthening of some isolating barriers but, 556
importantly, seems to require the accumulation of additional barriers. Indeed, the synergistic 557 action of wing pattern shifts and other isolating mechanisms appears to be important for 558
reproductive isolation in Heliconius, especially at early stages of divergence. Nevertheless, the 559 case of co-mimetic hybridizing species reveals that certain isolating barriers, and especially 560 wing pattern differences, may in fact be quite labile or partially reversible. This shows that a 561 seemingly key factor in the early stages of differentiation may have its role taken over by other 562 barriers at later stages of divergence. A key promoter of the stability and completion of species 563 divergence thus appears to be the multidimensionality of reproductive isolation. 564 565
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